Little is known about hematopoietic stem cell (HSC) development from mesoderm. To gain more information on the intraembryonic HSC site of origin, we purified multipotent hematopoietic progenitors from the aorta-gonads-mesonephros (AGM) of mice. This population, expressing c-Kit, AA4.1, CD31, and CD41, but not Flk1, and mainly negative for CD45, proved capable of long-term reconstitution in sublethally irradiated Rag2␥c ؊/؊ recipients. We assigned the expression of GATA-2, GATA-3, and lmo2 to AGM-HSC, whereas erythromyeloid progenitors express only GATA-2. This unique combination of surface markers and transcription factors could be allocated in the AGM to the intraaortic clusters and the subaortic patches underlying aortic endothelial cells. Taken together, those data indicate that embryonic HSCs (i) differ from their fetal liver and adult counterpart by the low expression of CD45, (ii) do not colocalize with aortic endothelial cells as previously thought, and (iii) are localized, at 10.5 days postcoïtum, in the splanchnic mesoderm underlying aortic endothelial cells, within GATA-3 ؉ CD31 ؉ cell clusters.
D
uring mouse development, the first hematopoietic cells, consisting of precursors with erythroid and͞or myeloid potential (1) , appear in the yolk sac (YS) blood islands, from 7 days postcoïtum (dpc). Before the establishment of circulation (8 dpc) , the first progenitors endowed with long-term reconstitution (LTR) activity are generated in the intraembryonic splanchnopleura and are absent from the YS (2, 3) . After circulation is established, multipotent precursors with LTR activity (4, 5) can be found in the blood (6) and in the YS (7) . After 10 dpc the paraaortic splanchnopleura, which now comprises the aorta, gonads, and mesonephros, is called AGM. Hematopoietic precursors, present in the AGM after 10.5 dpc, have LTR capacity when transferred in adult normal recipient mice (4) .
It was previously suggested that the floor of the aorta and͞or the underlying splanchnic mesoderm is the site of origin of intraembryonic hematopoietic stem cells (HSCs) (8) (9) (10) (11) (12) . Clusters of basophilic cells located within the floor of the aorta were detected from 10 to 10.5 dpc, further characterized as hematopoietic cells, and taken as a sign of ongoing hemogenesis. These hematopoietic intraaortic clusters (HIACs) have been described in all vertebrate embryos, including humans (for review, see ref. 13 ). Other structures potentially involved in intraembryonic HSC generation are the subaortic patches (SAPs), located below the aortic floor, which express the transcription factor GATA-3 (14) and the AA4.1 antigen (15) . These SAPs are also present in human embryos (16, 17) . In contrast to HIACs, which are detected only at the peak of intraembryonic HSC production (8) , the SAPs are present in the intraembryonic hemogenic site for the duration of HSC generation. An involvement of both SAPs and HIACs in HSC generation is strengthened by the fact that both structures disappear (11, 14) concomitantly with the cessation of AGM-HSC production at 12 dpc (8) .
The understanding of the process leading to intraembryonic HSC generation is currently a matter of debate that can be clarified by precisely locating the structure where this generation occurs. In the avian and murine models as well as in human embryos, AGM-hematopoietic activity has been shown to derive from cells harboring markers shared by endothelial and hematopoietic lineages, which also lack the panhematopoietic marker CD45 (18) (19) (20) . It has thus been proposed that the endothelium of the aortic floor displays ''hemogenic'' activity and is able to give rise to HSCs.
Here we correlated surface phenotype, in vitro differentiation potential, LTR activity, and gene expression of 10.5-dpc AGM populations. We show that CD45 ϩ cells contain only macrophage precursors. CD45
Ϫ/lo c-Kit ϩ AA4.1 ϩ cells from either AGM or YS are differentially enriched for two distinct types of progenitors. Erythromyeloid precursors are found at a frequency of 1:2 in YS. Multipotent precursors are present at frequencies higher than 1:3 in AGM, representing more than 80% of total multipotent cells in this site. LTR activity in alymphoid recipients was strictly ascribed to CD45
Ϫ/lo c-Kit ϩ AA4.1 ϩ AGM cells that can therefore be considered as HSCs.
HSCs purified according to these criteria express a number of cell surface markers (CD31, c-Kit, and AA4.1) and transcription factors (lmo2 and GATA-2) common to cells of both hematopoietic and endothelial lineages. However, they may be distinguished from endothelial cells (ECs) by the lack of Flk1 and the expression of CD41 (21) (22) (23) and GATA-3. The phenotype and gene expression profile of purified HSCs were compared with those obtained by in situ hybridization and immunostaining of the AGM (ref. 14 and present work). Coexpression of GATA-2, GATA-3, Lmo2, CD41, and CD31 was observed exclusively in two distinct anatomical structures, the HIAC and the SAP (14) . We propose that HSCs are generated in the SAP before they form the aortic clusters and before they enter blood circulation.
Materials and Methods
Animals and Dissections. Two C57BL͞6 congenic lines (H2 b ) bearing the Ly5.1 and Ly5.2 alleles of the CD45 marker and their F 1 progeny were used in this study. Rag2␥c
Ϫ/Ϫ B10BR mice (H2 k ) were used as recipients for LTR assays. Embryonic development was estimated by considering the day of vaginal plug observation as 0.5 dpc. Embryos between somite stages (S) 30S and 40S (10.5 dpc) were staged by somite counting. Dissections of 10.5-dpc YS and AGM were done as described (8) .
Flow Cytometry Analysis and Cell Sorting. Flow cytometric analyses were performed in a LSR with the CELLQUEST software (Becton Dickinson). The following antibodies (Pharmingen) were used: CD45.1 (A20), c-Kit (2B8), AA4.1 (493), CD41 (MWReg30), CD31 (MEC13.3), Flk1 (Avas12␣1), Gr-1 (RB6-8C5), Mac-1 (M1͞70), B220 (RA3-6B2), CD19 (1D3), Ter119, H2-K b (AF6-88.5), NK1.1 (PK136), TcR␤ (H57), and TcR␥␦ (GL3). To test acetylated low-density lipoprotein (AcLDL), uptake cells conjugated with Alexa Fluor 488 (Molecular Probes) were incubated for 2 h at 37°C with 10 M AcLDL. Cell sorting was performed with a MoFlo cell sorter (Cytomation, Ft. Collins, CO). The single-cell dispenser robot (Cyclone) was used for deposition of single cells on culture plates. Differentiation Potential Assay. Sorted YS and AGM cells were cultured for 14 days on irradiated S17 stromal cells (kindly provided by K. Dorshkind, University of California, Riverside) (2, 3) or OP9 stromal cells (from S.-I. Nishikawa and T. Nakano, Riken Center for Developmental Biology, Kobe, Japan), supplemented with Flt3-ligand, a kind gift from R. Rottapel (Ontario Cancer Institute, Toronto). All cultures were done in 96-well plates in medium supplemented with cytokines, as described (2, 3) .
Reconstitution Experiments. Sorted 10.5-dpc AGM cells were injected into Rag2␥c Ϫ/Ϫ mice. For LTR analysis, recipients were killed at 6 months, and the bone marrow, spleen, and intestines were analyzed by cytometry for the presence of H2 b T, B, natural killer, and myeloid cells. Animals that had donor-derived myeloid and B cell precursors in the bone marrow were considered long-term reconstituted.
Gene Expression Analysis. Cells were lysed in TRIzol (GIBCO͞ BRL), and total RNA was extracted according to the manufacturer's protocol. Oligo(dT)-primed cDNA was prepared from 6,000-25,000 cells by using avian myeloblastosis virus reverse transcriptase (GIBCO͞BRL) in a 20-l reaction volume. cDNA from 15-dpc Ter119-depleted fetal liver cells was used as a standard for the transcript quantification. cDNA from S17 cells was used as a negative control.
Quantitative RT-PCRs were performed on the GeneAmp 5700 Sequence Detection System (Applied Biosystems), in a 25-l total volume, using 1 l of cDNA, 1 l of each primer (10 M), and 12.5 l of Sybr Green PCR Master Mix 2ϫ (Applied Biosystems). Each sample was tested in triplicate. For each independent experiment, hypoxanthine phosphoribosyltransferase (HPRT) expression was scored in each population. Finally, the signals detected in each population for each transcript were normalized to HPRT and shown as percentages of the expression found in control populations (considered as 100%). Primers: HPRT-for, 5Ј-GACTGAAAGACTTGCTCGAG-3Ј; HPRT-rev, 5Ј-CCAGCAAGCTTGCAACCTTAACCA-3Ј; Lplastin-for, 5Ј-ACATCAGCTGCAATGAGC-3Ј; L-plastin-rev, 5Ј-TATCCAGTTGACGAAGGC-3Ј; CD45-for, 5Ј-AACAC-CTACACCCAGTGATG-3Ј; and CD45-rev, 5Ј-TTGGCTGCT-GAATGTCTGAG-3Ј. Other primers are described elsewhere: GATA-2 (24), GATA-3 (25), Lmo2 (26) , and EpoR (27) .
In Situ Hybridization and Immunostaining. Digoxygenin-labeled (Boehringer Mannheim) riboprobes were obtained from PCR fragments. In situ hybridization on cryostat sections was performed as described in ref. 14. For multiple labeling, sections (from 10 embryos) were incubated overnight with anti-CD41-FITC, anti-CD31-PE, and͞or anti-CD45 [clone 30-F11 coupled with either CyChrome or phycoerythrin (PE)], and mounted with VECTASHIELD Hardset (Vector Laboratories). Image stacks were collected with a LSM 510 laser scanning confocal microscope (Zeiss) using a ϫ20͞numerical aperture 0.75 apochromat plan objective. Images were acquired by using BP505-530, BP560-615, and LP650 filters. Z-projection of slices was in real time by using LSM IMAGE EXAMINER software (Zeiss). Images were processed by using PHOTOSHOP 6.0 software (Adobe Systems, San Jose, CA).
Results
Phenotypic Characterization of Hematopoietic Cells in 10.5-dpc AGM.
We analyzed the surface expression of the following marker combinations to ascribe a phenotype to hematopoietic precursors in the AGM: AA4.1 (28) , shown to be expressed in paraaortic splanchnopleura͞AGM (7, 15) ; CD45, panhematopoietic antigen; c-Kit (29, 30) ; Flk1, present in ECs and their precursors; CD31, expressed by ECs and hematopoietic cells; and CD41, expressed by early hematopoietic precursors but not by ECs (21-23). We fractionated 10.5-dpc AGM and YS cells, at the time of maximum multipotent cell generation (8) , according to the expression of CD45, c-Kit, AA4.1, and CD41 (Fig. 1A ). Sorted cells were tested in vitro in a single-cell assay for the potential to differentiate into erythroid (Ter119 ϩ ), myeloid (CD11b ϩ ), and lymphoid (B220 ϩ ) cells. Two types of precursors were identified: erythromyeloid precursors that differentiate only into erythroid and myeloid cells and multipotent precursors that also generate lymphoid cells. The frequency of each precursor in the different fractions is shown in Fig. 1C .
CD45 ϩ cells (fraction A) exclusively contain macrophage precursors, at a frequency of 1:13. The progeny of these cells (Mac-1 ϩ F4͞80 ϩ ) shows characteristic macrophage morphology after May-Grünwald Giemsa staining (data not shown). Fraction B, CD45 Ϫ c-Kit Ϫ , is devoid of hematopoietic activity. Lymphomyeloid potential is restricted to CD45 Ϫ/lo c-Kit ϩ cells (fraction C). CD45 expression was considered negative to low, because 15-20% of these cells within this population expressed low levels of the protein. Cells from fraction C were subdivided into fractions D and E, AA4.1 Ϫ and AA4.1 ϩ , respectively (Fig. 1B) .
Within AGM fraction E (CD45 Ϫ/lo c-Kit ϩ AA4.1 ϩ ), multipotent precursors were detected at a frequency of 1:3-1:2, corresponding to 100-150 multipotent precursors per embryo, a result that correlates with our previous quantification of multipotent precursors in unfractionated 10.5-dpc AGM (8) . The frequency of multipotent cells was further enriched to 1:1.4 (72% of seeded wells) when CD41 ϩ cells were isolated within the fraction E (Fig.  1) . Although all c-Kit ϩ cells also express CD41, this enrichment was obtained with the CD41-brightest cells (fraction EЈ), corresponding to 66% of fraction E.
In contrast to AGM, YS fraction E was enriched for erythromyeloid precursors at a frequency of 1:2 sorted cells, corresponding to 500 erythromyeloid precursors per YS (10 times higher than in the AGM), likely originated in situ. We conclude that AGM fraction E is a population highly enriched for hematopoietic precursors, multipotent, at the clonal level.
We ascertained that AGM fraction E also contained HSCs by an in vivo LTR assay into sublethally irradiated Rag2␥c Ϫ/Ϫ mice ( Table 1 , which is published as supporting information on the PNAS web site). The CD45 Ϫ/lo c-Kit ϩ AA4.1 ϩ 10.5-dpc AGM fraction E, characterized as containing most multipotent precursors, appears to be the only fraction in AGM providing multilineage LTR. These cells can be considered HSCs.
The phenotype of AGM-HSCs determined above, the low levels of expression of CD45, and their capacity to take up acetylated low-density lipoprotein (Fig. 6 , which is published as supporting information on the PNAS web site) makes them indistinguishable from ECs, macrophages, and other AGM cell types. We therefore analyzed the expression of two additional markers in this population. All c-Kit ϩ cells also express CD31 (Fig. 7 , which is published as supporting information on the PNAS web site). Both Flk1 and CD41 stain subpopulations of c-Kit ϩ cells ( Figs. 2A and 7) . Hematopoietic differentiation analysis of both sorted populations indicated that CD41 stains all multipotent cells in the AGM, whereas no hematopoietic progeny was obtained from the Flk1 ϩ cells (Ͼ200 cells analyzed; data not shown). Also consistent with the hematopoietic nature of AGM fraction E is the expression of L-plastin (31) and low levels of CD45 mRNA (Fig. 2C) .
We show that, at this stage of development, HSCs express c-Kit, AA4.1, CD41, and CD31, whereas expression of Flk1 is undetectable. Flk1 ϩ CD31 ϩ cells that express variable levels of c-Kit and AA4.1 do not generate a hematopoietic progeny and according to this expression pattern likely correspond to ECs. (33)]. Fig. 2B shows that whereas GATA-2, GATA-3, and lmo2 are highly expressed in AGM fraction E, only GATA-2 is expressed at a notable level in the YS. Considering that HSCs are mostly represented in AGM fraction E and that erythromyeloid precursors are predominant in the YS, we conclude that erythromyeloid precursors are likely to express only high levels of GATA-2, whereas HSCs express GATA-2, GATA-3, and lmo2.
To locate in the AGM the various subpopulations characterized by flow cytometry, in vitro and in vivo potential assays, and gene expression analysis, we performed in situ hybridization (GATA-2 and GATA-3) and multiple immunostainings (CD41, CD31, and CD45) on 10-to 10.5-dpc (30-40S) AGM sections to discriminate between the various fractions.
Fraction A cells, corresponding to macrophages, were identified by their CD45 ϩ CD31 ϩ CD41 Ϫ phenotype (Fig. 1) . CD45 (Figs. 3 and 8 ). This labeling pattern colocalizes with GATA-3 expression (Fig. 3) . At later stages, when HSCs are more numerous (Fig. 4) . GATA-3 is expressed only in SAPs, where it colocalizes with GATA-2, also expressed by endothelial cells (Fig. 4 A and B) . CD41 ϩ CD31 ϩ CD45 Ϫ cells appeared as individual cells within the SAP (Fig. 4C) . Lateral examination (Fig. 4D) of the confocal sections stack shows that CD31 ϩ CD41
ϩ HSCs, present only in the ventral part of the AGM, are distributed along a continuum from the SAP to the aortic floor. Moreover, 3D confocal analysis of AGM explants (n ϭ 6) established that the CD31 ϩ cells (some of which coexpress CD41) forming the SAP are restricted to the ventral region of the aorta and are distinct from the vascular network (Fig. 9 , which is published as supporting information on the PNAS web site).
The various approaches undertaken here converge to allocate intraembryonic HSCs to the SAP and some cells of the HIAC. They do not colocalize with the ventral aortic ECs.
Discussion
In this study, we define a population of CD45 Ϫ/lo c-Kit ϩ AA4.1 ϩ cells, obtained from prehepatic sites (YS and AGM) in 10.5-dpc embryos, which also express CD31 and CD41 but not Flk1. This CD45 Ϫ/lo c-Kit ϩ AA4.1 ϩ CD41 ϩ AGM fraction contains multipotent cells at a frequency of 1:1.4, which accounts for the bulk of multipotent precursors at this stage (8) . It is noteworthy that, because of a 10-20% error in the single-cell seeding procedure, the 70% positive multipotent clones obtained correspond to an actual enrichment close to 1:1. The YS counterpart is mainly enriched in erythromyeloid precursors (with a frequency of 1:2). Sorted CD45 ϩ AGM and YS cells are committed macrophage precursors, likely equivalent to ''primitive macrophages,'' described in vertebrate embryos (34) (35) (36) .
Consistent with the in vitro data, LTR was exclusively obtained when we injected as few as 250 AGM CD45 Ϫ/lo c-Kit ϩ AA4.1 ϩ cells in sublethally irradiated alymphoid recipients. No donorderived hematopoietic cells were obtained when CD45 ϩ or c-Kit Ϫ AGM cells were used for LTR, illustrating the absence of HSCs in these two subsets. Within the fraction E, discrete differences in CD45 expression could be observed. Whether LTR activity is an exclusive property of the CD45 lo subpopulation was not addressed here. Most AGM cells will express detectable levels of CD45 by 11.5 dpc, and 10.5-dpc fraction E might acquire CD45 expression shortly after transfer in the irradiated recipients. The expression of CD41 in immature hematopoietic precursors, independent, of its expression within the megakaryocytic lineage has been documented (21, (37) (38) (39) . More recently, CD41 was shown to constitute the earliest hematopoietic-specific marker during the determination of mesodermal cells toward this lineage, because it does not label ECs (21) (22) (23) and is expressed by hematopoietic precursors before CD45 (23), a result in total agreement with the present phenotyping of AGM-HSCs.
HSCs have been previously shown to express different surface markers depending on the hematopoietic organ where they reside. In contrast to bone marrow HSCs, fetal liver HSCs express Mac-1, AA4.1, CD41, and CD31 (40) . We here show that AGM-HSCs express markers similar to the ones found in fetal liver (AA4.1, CD31, c-Kit, and CD41) but differ by the lack͞low expression of CD45. No cells with hematopoietic precursor activity were found in the CD41 Ϫ , CD31
Ϫ , or c-Kit Ϫ fractions. Because of the strict hematopoietic representation of CD41, we conclude that the combination of CD41 with any of the abovementioned markers allows discrimination between hematopoietic and any other cell type.
We here show that purified CD45 Ϫ/lo c-Kit ϩ AA4.1 ϩ CD31 ϩ multipotent precursors that also contain the majority of CD41 ϩ cells in this location are the only hematopoietic AGM subsets expressing high levels of GATA-3 and GATA-2. The expression patterns of these transcription factors and cell surface markers completely correlate to locate AGM-HSCs within both the HIAC and the SAP (Figs. 3-5A, 8 , and 9). We recently described the existence of SAPs in the ventral region of the aorta (14) . These structures, identified by the expression of GATA-3 and AA4.1, do not contain CD45 ϩ cells. After 10 dpc, HIACs appear in the aortic floor. Cells expressing GATA-3 and lmo2 are detected at the base of these clusters (14) , which also express AA4.1 (15) , CD31 (41) , and CD41 (42) and contain a few CD45 ϩ cells (14) . , and HIACs (pink) in 8.5-to 12-dpc embryos. Whereas GATA-3 ϩ SAPs appear below the aortic floor as soon as the first multipotent precursor is generated, HIACs are present only at the AGM stage, when the number of precursors generated reaches a peak. (C) Model for emergence and migration of embryonic hematopoietic precursors: HSCs (orange) generated in the SAP (1) migrate toward the aortic floor (2) . HSC translocation, which contributes to HIAC development (3), is followed by the release of HIACs into the circulation.
Several lines of evidence point to the SAP, rather than the HIAC or aortic floor, as the primary site of origin of intraembryonic HSCs in the embryo:
(i) The GATA-3 ϩ SAP become detectable concomitantly with the production of the first intraembryonic precursors (8.5-9 dpc) (7), whereas HIACs appear only at the AGM stage (10 dpc on) (11) , when the number of precursors generated has significantly increased (8) (Fig. 5B) .
(ii) Lateral examination of confocal sections (Fig. 4D) shows that HSCs form a continuum between the SAP and the HIAC, suggesting that these cells migrate from one site to the other. The most likely direction of migration appears to be from SAP to HIAC and finally into the aortic blood flow, because it contains a significant number of multipotent precursors at that stage (6) . This model nevertheless requires in vivo cell tracking experiments to be confirmed. (iii) The combinatorial approach undertaken here allowed us to distinguish between ECs and hematopoietic cells, by GATA-3, CD41, and Flk1 differential expression. The 3D examination of SAP anatomy also distinguishes SAP cells from ECs because the CD31 ϩ cell clusters located below the aortic floor do not harbor a lumen and do not connect with the vascular network (Fig. 9 ).
Recent reports suggesting that the aortic floor in 11-dpc AGM (18, 20) could be the source of HSCs were based on the fact that CD31 ϩ CD45 Ϫ cells, considered as ECs, display a hematopoietic activity. Through the use of additional markers and colocalization analysis, we here show that HSCs and aortic floor ECs are not overlapping populations.
We thus propose that HSCs are generated in the SAP, migrate toward the ventral region of the aorta, and protrude through the endothelium, contributing to the formation of the HIAC and leading to their release into circulation, from where they colonize the fetal liver (Fig. 5C ).
In the course of our colocalization studies, we encountered only a limited number of such CD31 ϩ CD41 ϩ CD45 Ϫ/lo cells in 10.5-dpc embryo sections, a result that concurs with the number of HSCs, previously estimated at Ϸ80-100 per embryo (8) . It thus appears that the relative size of cells expressing GATA-3 and͞or CD31 in the SAP greatly exceeds the number of HSCs present in the embryo. SAPs may constitute the environment suitable for the emergence of intraembryonic HSCs. Our results show that SAPs, which can be characterized by the expression of CD31 and AA4.1 and lack of CD45, contain HSCs that also express CD41. Further characterization of the SAP, now made possible by this observation, will be necessary to understand the relationship of SAP cells and native HSCs and to assess whether the SAP modulates HSC generation and self-renewal.
